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Viruses require a host cell to replicate and proliferate; upon infection they appropriate 
host resources and molecular machines. Specifically, viruses use ribosomes of the host to 
translate the information in their genome. Some viruses with single-stranded RNA genomes 
contain highly structured non-coding regions of RNA called internal ribosome entry sites 
(IRESs) which are used to hijack the host’s ribosomes through a non-canonical cap-independent 
initiation pathway. Canonical translation initiation is a highly complex and regulated process: at 
least a dozen translation factors are necessary, and it is the rate-limiting step in eukaryotic 
translation. Viruses containing an IRES forgo canonical eukaryotic translation initiation factors 
and bypass some steps of canonical translation initiation by mimicking part of the host’s 
initiation machinery. The simplest among these IRESs are found in the intergenic region (IGR) 
of viruses in the family Dicistroviridae. These type IV IRESs from dicistroviruses have been 
structurally characterized in great detail in using the cricket paralysis virus (CrPV) and Israeli 
Acute Paralysis Virus (IAPV). To better understand how structure affects the function of these 
type IV IRESs, using single-particle cryo-electron microscopy (cryo-EM), we have characterized 
a recently discovered IRES found in the IGR of the genome of Nedicistrovirus (NediV).  
Four complexes that represent each step in the alternative translation initiation 
mechanism were prepared and analyzed to solve the 3D structure and characterize the 
mechanism by which the NediV-IRES captures host ribosomes. With this, we were able to 
understand how the shorter stem-loop V (SL-V) of NediV-IRES impacts the well-characterized 
 
 
interaction of SL-V with eukaryotic small subunit ribosomal protein 25 (eS25) (Landry et al., 
2009), which is important for the IRES:40S complex formation. This shortened stem-loop has 
been shown to fold in a way that does not support stable binding to the small ribosomal subunit 
(40S) and subsequent recruitment of the large ribosomal subunit (60S). NediV-IRES, rather, 
relies on direct recruitment of the 80S ribosome, which has been seen more commonly at low 
concentrations of Mg2+ for CrPV-IRES (Petrov et al., 2016). Solved structures also suggest that 
upon loading, NediV-IRES skips the first eEF2-dependent pseudo-translocation step necessary to 
bind to the ribosomal P site without the need of eEF2. Because of their simplicity, these type IV 
IRESs represent a robust potential tool for cell-free and vector-driven translation.  
Due to these structural and mechanistic differences observed, we propose that NediV-
IRES, along with the NediV-like Antarctic picorna-like virus 1 (APLV-1)-IRES (Lu, 2019), 
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Viruses are highly diverse obligate parasites that depend on host cells to carry out their 
reproductive and proliferative functions. The strict dependence on host cells by viruses has 
favored the evolution of mechanisms that efficiently commandeer host cellular machinery. The 
simplest viruses consist of a genomic payload encased in a proteinaceous shell, termed the 
“capsid”. The genome comprises a nucleic acid: the genetic material can be either 1) single or 
double-stranded 2) DNA or RNA. Viruses can be further classified by the presence of a protein-






The focus of the present manuscript concerns biology specific to single-stranded RNA 
viruses. Single-stranded RNA viruses possess either positive- or negative- sense RNA genomes. 
Positive-sense viral RNA resembles mRNA in its ability to be translated directly by the host’s 
ribosomes. Conversely, negative-sense viral RNAs require transcription by an RNA-dependent 
RNA polymerase in order to realize a state in which translation is possible (Lodish et al., 2000)  
1.1.1 Dicistroviruses 
A family of viruses of particular interest to biochemists called Dicistroviridae of the 
order Picornavirales is non-enveloped, with small (8-10 kb) positive-sense (+) RNA genomes 
(Valles et al., 2017). These viruses bear the distinction of a dicistronic genome arrangement 
(Figure 1.2). This dicistronic arrangement comprises two open reading frames (ORFs) termed 
ORF1 and ORF2 flanked by highly structured regions of non-coding RNA, called internal 
ribosome entry sites (IRES), to be discussed later (Figure 1.2).  
 
 
Figure 1.1 Representation of a virus 
Cartoon depiction of a simple virus with components labeled. 





 Some members of the dicistrovirus family can contain a third ORF (ORFx) with a +1 
frame that overlaps with ORF2 (Firth et al., 2009). Dicistrovirus RNA is translated as 
polyproteins which must be processed into mature proteins by a viral protease. ORF1 encodes 
non-structural proteins while ORF2 encodes structural proteins (Warsaba et al., 2020). 
Dicistroviruses generally infect arthropods and fall into the genus Cripavirus, Aparavirus, or 
Triatovirus (Valles et al., 2017).  
The focus of this research is a novel, highly divergent dicistrovirus called 
Nedicistrovirus, or Nepal sewage dicistro-like virus (NediV). NediV was discovered via a 
metagenomic analysis of sewage in Nepal. NediV is currently classified as a member of the 
Cripavirus genus (Ng et al., 2012). 
1.2 The RNA world 
The study of RNA viruses can provide insight into the RNA world hypothesis, which 
states that, before proteins and DNA, life began as a “primordial soup" in which all molecules 
were made up of chains of ribonucleic acids (RNA) (Rich, 1962). To fully understand RNA 
function, an overview of this incredible molecule and the ways in which it can fold is warranted. 
 
Figure 1.2 Dicistrovirus genome 
The single-stranded (+) sense genome of dicistroviruses comprises a 5’ IRES in 
the UTR, which initiates translation of the non-structural proteins encoded in 






RNA collapses at least three functions in one polymer.  RNA is unique in its ability to 1) 
encode genetic information, 2) gene regulatory elements thereof, and 3) catalyze both its own 
reactions and other biological processes.  This marriage of interpenetrating genetic, regulatory, 
and catalytic functions is achieved through the subtle arrangement of its humble bases into 
exquisitely complex three-dimensional structures.  Such complex structures, selected by 
evolutionary pressures, today perform a diverse array of cellular functions.  The protean 
versatility observed today in RNA may furthermore have afforded a primordial substrate for 
prebiotic evolution of the self-replicating systems which may have eventually given rise to life 
itself.   
RNA presents a veritable garden of earthly delights for the structural biologist.  Three-
dimensional RNA structures can be conceptually dissected into their constituent structural 
elements.  The classification of these structural elements into recurring ‘motifs’ permits the 
comparative analysis of disparate RNA molecules.  Leontis and Westhof define RNA motifs as 
“directed and ordered stacked arrays of non-Watson–Crick base pairs forming distinctive 
foldings of the phosphodiester backbones of the interacting RNA strands” (Leontis et al., 2003).  
That is to say, the term ‘RNA structural motifs’ serves to describe all RNA fold interactions 
giving rise to non-helical structures.  Said structures can be either secondary or tertiary in nature.   
The elucidation of RNA structures occurs most vividly in the work of crystallographers.  
The first high-resolution crystal structures of ribosomes, solved in 2000 (Ban et al., 2000; 
Ramakrishnan, 2002), ushered in a string of important advancements in our understanding of 
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RNA structural motifs.  Over the course of the succeeding four years, the amount of data on 
RNA structural motifs had increased by two orders of magnitude (Noller, 2005).   
Unfortunately, the impressive progress represented in the acquisition of the ribosome’s 
crystal structure is tempered by the intractable artifacts that are endemic to crystallographic 
methods.  Namely, most RNA structural motifs were found to occur within crystal structures 
susceptible to crystal packing, which biases said structures to assume unnaturally ordered 
conformations.  Follow up studies suggest that RNA structural motifs are far less rigid than 
would be supposed from their tortured/distorted crystallographic representations.  Ultimately, the 
study of RNA structure requires recourse to biochemical assays, in vivo probing studies, for 
instance, have convincingly demonstrated that the structures assumed by RNA molecules are far 
more variable than previously expected (Zubradt et al., 2016). 
 
1.2.2 RNA nucleotides  
 
The structural features observed in folded RNA ultimately emerge from the chemical 
properties of its monomeric bases.  Prior to entering into a discussion of particular RNA 
structural motifs, the reader is encouraged to consider the characteristics of RNA responsible for 
such diversity.  Two features distinguish RNA nucleotides from their DNA counterparts. 
Firstly, RNA’s ribose sugar moiety is differentiated from DNA’s deoxyribose by the 
presence of a hydroxyl functional group at the 2’ position.  Like DNA, RNA can form long 
double-stranded helices, but the presence of the 2’ hydroxyl on ribose forces it to assume a C3’-
endo sugar pucker conformation.  The upshot of this sugar pucker is a shorter, more compact A-
form helix (Neidle, 2008).   
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Secondly, RNA and DNA differ in their respective palettes of nucleobases.  RNA 
contains the nitrogenous base uridine, whereas DNA contains thymine.  Uridine often forms non-
canonical base-pairing such as the G-U wobble (Varani et al., 2000) and base triples (Abu 
Almakarem et al., 2012), which result in less uniform backbones RNA helices.  These non-
uniform backbones often expose the 2’ hydroxyl on the ribose to allow hydrogen bonding.  The 
most consequential difference between DNA and RNA (i.e. that which gives rise to the most 
diverse secondary structural motifs) is, however, the prevalence of single-stranded RNA in 
nature.  The single strand has a marked propensity to form loop structures from mismatches 
within RNA helices.  Additionally, RNA can be modified with over 100 chemical moieties 
(Nachtergaele et al., 2017), making the idea of the “four-letter alphabet” a gross over-
simplification.  
 
1.2.3 RNA secondary structural motifs: an overview  
 
RNA’s tertiary structure is decomposable into a rich array of stable secondary elements.  
Canonical and noncanonical hydrogen bonding contributes to the formation of RNA duplexes, 
single-stranded regions, hairpins, bulges, internal loops, and junctions (Batey et al., 1999).  
Secondary structural motifs are enriched with loops of non-base paired regions that flank the A-
form RNA helices.  These loops can constitute either hairpin (i.e. ‘terminal’), internal, or 
junction loops. 
Hairpins 
The term ‘hairpin’ designates regions where the single-stranded RNA molecule has 
folded onto itself such that nucleotides from the molecules come together forming a double helix 
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connected by a single-stranded loop (Holbrook, 2008).  Hairpin motifs can comprise all or part 
of the loop in a hairpin (Hendrix et al., 2005).  Some examples of hairpin motifs include U-turns, 
triloops, and tetraloops. 
The U-turns 
The U-turn (also known as ‘uridine-turn’) was the first hairpin motif discovered.  It was 
originally observed in the crystal structure of tRNA in the anti-codon loop (Quigley et al., 1976). 
U-turns were subsequently found to occur in 16S and 23S rRNA (Gutell et al., 2000) as well as 
the hammerhead ribozyme (Pley et al., 1994).  The U-turn motif is characterized by a 180° 
change in the backbone direction following an unpaired uridine base.  Nucleotides 3’ of the U-
turn are frequently involved in tertiary interactions such as the kissing loop motif.   
Triloop motifs 
Triloop motifs are common in 5S, 16S, and 23S rRNA and a variety of other RNA 
structures.  Triloop motifs are defined by five adjacent nucleotides where the first and last 
nucleotides form a base pair.  A sequence-structure relationship has been elucidated wherein the 
two nucleotides that form the triloop's flanking base-pair determine the three-dimensional 
structure of the loop (Lisi et al., 2007).   
A subclass of triloops, known as lone-pair triloops, was initially identified in 16S and 23S 
rRNA.  The lone-pair triloop consists of a single base-pair capped by a hairpin loop, the latter 
containing three nucleotides where the two adjacent nucleotides are not base-paired.   
Tetraloops 
Tetraloops are common RNA structural motifs, which arise from conserved primary 
structures.  Tetraloop motifs have been found in rRNA, the group I intron, the hammerhead 
ribozyme, and RNase III endonuclease (Hendrix et al., 2005). Tetraloops are defined by loops 
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whose conserved consensus structures, e.g. UNGC and CUYG (where N designates any 
nucleotide and Y designates a pyrimidine), form stable hairpin structures. Other tetraloops, 
(GNRA and GANC for example) form a tertiary structure with the tetraloop receptor motif 
(Butcher et al., 2011; Woese et al., 1990).   
Internal loop motifs 
Internal loop motifs are formed by an interruption of base pairing within a double helix 
(Holbrook, 2008).  Internal loop motifs can be either symmetric or asymmetric.  Some examples 
of internal loop motifs include hook turns, kink-turns, and bulge motifs. 
Hook turns 
The hook turn was first identified in the crystal structure of 5S rRNA (Szép et al., 2003) 
and was later found in 16S and 23S rRNAs.  The hook turn is a helix-loop-helix motif.  This 
motif is characterized by an A-G pair that splits the double-helix into two strands.  A 180-degree 
turn in the backbone strand containing the guanine interacts with the minor groove of its helix 
(Butcher et al., 2011). 
The kink-turn (K-turn)  
The K-turn was first identified in the crystal structure of 23S rRNA (Klein et al., 2001).  
This motif was later found to be present in many other RNAs as well (Schüler et al., 2006). Like 
the hook-turn, the K-turn is a helix-loop-helix motif. This motif is characterized by sheared G-A 
base pairs on one side and G-C base pairs on the other. These features bend the helical axis by 
120 degrees, which results in the juxtaposition of the minor grooves of the two helices (Butcher 
et al., 2011).  K-turns within the ribosome can assume a variety of interaction modes with 




Bulge motifs are universally distributed across all structured functional RNAs.  These 
motifs are characterized by one or more unpaired nucleotides within a double helix.  Bulges form 
flexible patches in a pseudo-continuous double-helix.  The resulting proximity between 
negatively charged phosphate backbone groups establishes binding pockets for cations as well as 
other positively charged ligands (Hermann et al., 2000).   
The ubiquitous, highly conserved bulged-G motifs are formed by a guanine base triple 
within a double-helix.  The backbone surrounding the bulged-G forms an S shape called ‘the S-
turn.’ The S-turn feature affords specific binding sites for RNAs and proteins (Correll et al., 
2003).   
Junction loops 
Junction loops are formed at branch points between three or more helices and often 
undergo helical stacking (Lilley, 2000).  Three- and four-way junctions are common across 
RNAs. Helices of these junction loops are typically characterized by structurally conserved 
coaxial stacking tertiary structural motifs, discussed further below. 
 
1.2.4 RNA tertiary structural motifs 
 
In the presence of divalent cations (generally magnesium), secondary structural motifs 
can interact to form tertiary structural complexes (Batey et al., 1999).  Divalent cations promote 
the establishment of tertiary structures through the neutralization of RNA’s negatively charged 
phosphate backbone (Butcher et al., 2011).  These interacting secondary structural motifs include 
coaxial stacking, kissing loops, the tetraloop receptor motif, and pseudoknots.  Additionally, 






Coaxial stacking was first observed in the crystal structures of tRNA (Jack et al., 1976; 
Kim et al., 1974; Robertus et al., 1974).  Coaxial stacking is incredibly common, being seen in 
all known functional RNA structures.  Coaxial stacking is the most basic RNA tertiary 
interaction.  These structures are highly stable due to stacking interactions between the pi-
electrons of the aromatic nucleotide bases (Neidle, 2008).  At junction loops, coaxial stacking 
often requires divalent cations.  This requirement for divalent cations is demonstrated in the 
crystal structure of the hammerhead ribozyme. The hammerhead ribozyme contains a three-way 
junction, the catalytic center contains hydrated magnesium ions specifically bound (Doherty et 




Kissing loops have been found in many RNAs including tRNA, mRNA, and 
rRNA(Brunel et al., 2002).  These motifs are characterized by long-range Watson-Crick base 
pairings between hairpin loops.  Stable kissing loops require two or more base pairs between 
hairpins (Butcher et al., 2011). 
 
Pseudoknots 
Pseudoknots are formed by long-range Watson-Crick base pairing between loop 
nucleotides of a hairpin and a complementary single-stranded RNA to form a complex knot-like 
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structure. They comprise functional domains in many biological systems, including viral 
genomes, ribozymes, and self-splicing introns. One particularly interesting functional 
pseudoknot is found in the Hepatitis delta virus (HDV) ribozyme folds into a double-pseudoknot 
conformation upon replication by the host RNA polymerase II and self-cleaves, producing 
single-genome-length HDV RNAs (Staple et al., 2005). Pseudoknots are particularly important 
for the study of type IV IRES, which contain one pseudoknot in each of the three domains, to be 
discussed later. 
 
Ribose zippers   
 
Ribose zippers were first reported in the crystal structure of a group I ribozyme domain 
(Cate et al., 1996).  However, these 2’-hydroxyl interactions were seen in tRNA crystal 
structures as well.  These tertiary interactions are characterized by hydrogen-bonds with exposed 
2’-hydroxyl group of the ribose.  Ribose zippers are often found supporting other tertiary 
interactions such as tetraloop: tetraloop receptor and kissing loop motifs (Butcher et al., 2011). 
Despite the seeming simplicity of a four-letter alphabet, RNA forms highly complex, dynamic 
globular structures that can perform an immense variety of biological functions beyond scaffolds 
and messages as was once believed. Nowhere is the incredible versatility of this molecule seen 
more than in the molecular machines responsible for translating messenger RNA (mRNA) into 




1.3 The Ribosome 
The virion itself is devoid of the machinery that is required for translating its genome into 
functional gene products. Accordingly, it is its ability to co-opt the host’s ribosomes that 
ultimately proves indispensable for viral proliferation. In order to appreciate this non-canonical 
translation initiation, an overview of the structure of the 2- to 4.5-megadalton (MDa) ribosome, 
the complex macromolecular machine responsible for translating messenger RNA (mRNA) into 
proteins, and the mechanism by which this occurs is necessary.  
Ribosomes are cellular protein factories made up of large two-subunit ribonucleoprotein 
complexes. Because of their essential role, ribosomes are present in high copy number in the cell 
across all lifeforms. The two subunits, termed the large (LSU) and small subunits (SSU), are 
defined by their sedimentation coefficients in Svedberg units; the 30S and the 50S subunits join 
to form the 70S ribosome in prokaryotes and the 40S and 60S subunits make up the 80S 
ribosome in eukaryotes (Klinge et al., 2012; Melnikov et al., 2012). For the purpose of this 
chapter, our focus will be on the latter, eukaryotic ribosome, though many structural aspects are 
conserved across all organisms. 
Ribosomal subunits are made up of highly structured, primarily double-stranded 
ribosomal RNA (rRNA) surrounded by as many as 80 ribosomal proteins. The rRNAs, like the 
subunits to which they belong, are named for their sedimentation constants. The rRNA in the 
SSU is the 18S. The LSU contains three rRNAs: the universally conserved 5S, the 5.8S, and the 
25S. The longest rRNA in higher eukaryotes may be up to 28S. These rRNAs are responsible for 
the enzymatic activity of the ribosome while the ribosomal proteins generally act in scaffolding.  
The 40S and 60S subunits are synthesized and mature independently, only joining to 
form the full 80S ribosome during active translation, to be discussed later. The ribosome has two 
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primary roles, each fulfilled by one subunit. The dynamic SSU is responsible for binding and 
decoding messenger RNA (mRNA), which is recognized by cognate aminoacyl-transfer RNAs 
(tRNAs) in a region called the decoding center while the more rigid LSU is responsible for the 
catalysis of peptide bonds in the active site of a region called the peptidyl transferase center 
(PTC) (Schmeing et al., 2009). The SSU consists of three regions called the “head”, “platform” 
and “body” which contain the 5’, central, and 3’ domains of the 18S rRNA, respectively. 
 
1.5 Eukaryotic translation 
Assisted by a multitude of protein factors, the ribosome translates mRNA into folded 
protein in a four-step process: initiation, elongation, termination, and recycling. 
 
1.5.1 Initiation 
Initiation is the first, rate-limiting step in translation. In this highly controlled step, the 
correct reading frame is set by delivering an initiator aminoacyl-transfer RNA (Met-tRNAi) to 
mRNAs at the AUG start codon. Canonical translation initiation in eukaryotes requires nearly a 
dozen non-ribosomal proteins called initiation factors (eIFs) (Jackson et al., 2010). The initiation 
step can be sub-divided into four parts: 1. Formation of a 43S pre-initiation complex (PIC) 2. 
Assembly of cap-binding eIFs to the mRNA 5’ cap structure (7 methylguanylate structure) and 
subsequent association with the PIC. 3. scanning along the mRNA to an AUG start codon to 
form a 48S initiation complex (IC). 4. 60S subunit joining and dissociation of initiation factors.  
Initiation begins with the formation of the 43S pre-initiation complex (43S PIC). In this 
step, the 40S ribosomal subunit interacts with eIF1, eIF1A, eIF3, and an eIF2-Met-tRNAiMet-
GTP ternary complex (eIF2-TC). Interaction with eIF1 and eIF1A forces the 40S subunit’s 
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mRNA binding channel into an open conformation, which facilitates subsequent interactions 
with mRNA and tRNA (Passmore et al., 2007). eIF3 serves as a scaffold to facilitate these 
interactions (Hinnebusch, 2006). Initiator tRNA is delivered to the P-site of the PIC in the form 
of a ternary complex comprising eIF2, Met-tRNA, and GTP (the eIF2-TC). Concurrent with 43S 
PIC formation, eIF4F (which is a complex of eIF4A, eIF4G, and eIF4E) binds the mRNA 5’ cap 
structure as poly-A binding protein (PABP) is recruited by the 3’ poly-A tail and forms a cyclical 
mRNA by binding to the C-terminal terminal domain eIF4G; the resultant eIF4F-mRNA 
complex is recruited to the 43S PIC (Jackson et al., 2010). With the aid of eIF4A helicase 
activity, the 43S PIC commences scanning of the mRNA transcript. Scanning persists in the 5'  
3' direction until 43S PIC arrives at the AUG start codon. Interaction of the start codon with Met-
tRNAi triggers the dissociation of eIF1. In a step promoted by eIF5, the GTP bound to eIF2-TC 
is hydrolyzed to GDP. The aforementioned events induce reversion of the 40S subunit to a 
closed state. The conditions for binding of the 60S to 40S subunits transpire from the 
disassociation of eIF2-GDP and eIF5. eIF5B plays critical roles in 1) the joining of 60S and 48S 
PIC, and 2) the transition of the ribosomal complex from initiation to elongation. In particular, 
eIF5B serves to gate the aforementioned transition by transducing successful P-site binding of 
initiator aminoacyl-tRNA into a signal impinging on its GTPase center. The association of 60S 
and 48S PIC occurs independently of GTPase activity.  A subsequent conformational change 
positions eIF5B such that it is placed into contact with Met-tRNAi and the GTPase activation 
center located on the 60S subunit. In this manner GTP hydrolysis ensues; the attendant 
dissociation of eIF5B-GDP clears the way for the ribosomal A-site to accept the first elongator 





Ribosomes contain three tRNA binding sites: the aminoacyl site (A site), the peptidyl site (P 
site), and the exit site (E site). The stage in which tRNA cycles through these binding sites to add 
one amino acid at a time to a growing polypeptide chain is called elongation. In this step, 
eukaryotic elongation factors (eEFs) are coordinated with 40S movements. These movements 
can be 40S relative to the 60S (termed rotating) and movement of the head of the 40S relative to 
the body is termed swiveling. Elongation begins with the delivery of cognate aminoacyl-tRNA 
(AA-tRNA) the first non-AUG codon on the mRNA by eEF1A to the ribosomal A site. Prior to 
the release of eEF1A, which is catalyzed by the hydrolysis of GTP, the ribosome decoding center 
monitors base-pairing between AA-tRNA and mRNA. After GTP hydrolysis, an additional 
proofreading step by the decoding center occurs to prevent errors in translation. Upon successful 
recognition, the 40S locks cognate AA-tRNA in the decoding center before the methionine 
attached to the Met-tRNAi is transferred to form a peptide bond with the AA-tRNA in the P site 
(Loveland et al., 2020) Note, this level of understanding comes from research done in E. coli and 
assumes the resulting model is universal, which is not unreasonable because of the structural 
homology of the factors involved and the interacting ribosomal components. After peptidyl 
transfer, the 40S subunit rotates to orient the bound tRNAs in a hybrid state (A/P, and P/E), with 
the anti-codon stem-loop of the tRNAs remaining in their respective ribosomal sites and the 
growing polypeptide chain in the 60S PTC. Translocation by the GTP-dependent eEF2 then 
occurs by moving peptidyl-tRNA from the A site to the P site and the deacetylated tRNA in the P 
site to the E site. For this translocation to take place, the head of the 40S subunit must first 
swivel to open a checkpoint called the P gate, a constriction in the 18S rRNA between residues 
surrounding A1641 of 40S head and A1058 within the 40S body(Flis et al., 2018). This first 
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translocation cycle is completed with the closing of the P gate and a return of the 40S to a 
canonical, non-rotated state. Subsequent elongation cycles occur in a similar manner, with the E 
site tRNA exiting in each translocation step. This continues until a stop codon on the mRNA is 
reached. 
1.5.3 Termination 
When a stop codon (UAG, UAA, or UGA), for which there are no cognate tRNAs, enters 
the A site, a ternary complex formed by eukaryotic release factors (eRFs) eRF1-eRF3-GTP binds 
the mRNA. The termination step begins with the binding of the stop codon by eRF1, after which 
hydrolysis of GTP to GDP by eRF3 allows eRF1 to induce release of the nascent polypeptide 
chain (Alkalaeva et al., 2006). 
1.6 Internal ribosome entry sites  
Adaptations that promote translation of the host genome increase a virus’s fitness. The 
byzantine dance of factors facilitating canonical eukaryotic translation initiation represents a 
veritable obstacle course for a virus. The ability to bypass canonical eukaryotic translation 
initiation confers an advantage to the virus. Accordingly, certain viruses have evolved the 
capacity to forgo canonical eukaryotic translation initiation. In order to exploit the host’s 
translation machinery, the virus must either have a mechanism to cap the 5’ end of their mRNA 
or subvert the ribosomal initiation complexes’ requirement for 5’ capped RNA. Cap-independent 
initiation can be facilitated via a highly structured non-coding RNA called an internal ribosome 
entry site (IRES). The IRES mimics some components of the host’s translational initiation 
machinery (Mailliot et al., 2018). Viral IRESs are classified into four types (types I-IV). 
Classification occurs according to sequence, secondary structure, and required initiation factors. 
Type number increases according to three criteria: 1) decreasing length, 2) decreasing size of the 
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subset of initiation factors required for translation initiation, ⁠ and 3) increasing structural 






1.6.1 IRES Types 
Type I IRESs are found in the 5' UTR of viruses in the Picornaviridae family in the 
genus Enterovirus. The type I IRES found in Poliovirus (PV) has been well characterized 
(Pelletier et al., 1988; Sweeney et al., 2014) and, therefore, will be used as representative for the 
purpose of this discussion. PV-IRES can initiate translation without the cap-binding protein 
eIF4E. The 5’ UTR is 743 nts in length and consists of 6 domains (I-VI). Domain I is a 
cloverleaf (CL) structure, which is needed to transcribe both positive (+) and negative (-) strands 
of genomic RNA  (Andino et al., 1993;  Andino et al., 1990). PV contains two AUG start 
codons. The upstream AUG codon is necessary for binding and recruitment of the ribosome, and 
in some cases initiating translation (Lulla et al., 2019; Pestova et al., 1994). Alternatively, the 
ribosome can scan to reach the downstream AUG to initiate translation (Lozano et al., 2015). 
Some RNA motifs have been found to play important roles in PV-IRES recruitment of IRES 
trans-acting factors (ITAFs). Specifically, C-rich motifs in the CL of Domain I and within 
Domain IV interact with viral replication and translation trans-acting factor PCBP2 (Perera et al., 
2007; Sweeney et al., 2014; Toyoda et al., 2007), and a pyrimidine-rich tract between domains V 
and VI are required for pyrimidine tract binding protein (PTB) binding (Kafasla et al., 2010). 
Figure 1.3 Schematic representation of eukaryotic canonical translation initiation 
Eukaryotic canonical, cap-dependent translation initiation is a complex process that requires 
many initiation factors (eIFs) for the ribosome to reach the AUG start codon and begin 
translation. 




Most importantly, binding of eIF4Gm/eIF4A to domain V the critical step required for internal 
ribosomal entry(De Breyne et al., 2009; Lozano et al., 2015; Sweeney et al., 2014). 
Like the Type I IRES, Type II IRES are found in the 5' UTR of viruses in the 
Picornaviridae family. The most well-characterized Type II IRES, and thus the focus of this 
section, is found in the Cardiovirus encephalomyocarditis virus (EMCV). EMCV-IRES is 
commonly used in bicistronic vectors to express proteins in a eukaryotic cell(Bochkov et al., 
2006). EMCV-IRES can initiate translation without eIF4E, eIF4B, eIF1, eIF1A, and the middle 
third of eIF4G (eIF4Gm) (Pestova et al., 1996), though initiation can be enhanced by eIF1, 
eIF1A and eIF4G (Kolupaeva et al., 1998). EMCV-IRES also requires PTB, it has 4 RRM 
domains and binds to multiple sites in the IRES, presumably to stabilize the active conformation 
(Kafasla et al., 2009). 
The use as biochemical tools makes cryo-EM complexes of EMCV-IRES:40S of 
particular interest, but because this initiation is coordinated with many flexible initiation factors, 
obtaining high-resolution structures remains elusive.  
Type III IRESs are found in the 5’ UTR of viruses in the Flaviviridae family. The IRES 
found in Hepatitis C Virus (HCV) has been well-characterized. HCV-IRES is 341 nts in length 
and is made up of 3 domains (Domains II-IV), though Domain I is not required for IRES 
function. HCV-IRES can initiate translation by binding directly to the ribosome in an orientation 
in which the start codon is in, or in the immediate vicinity of the P site, that allows initiation to 
proceed by both an eIF2-dependent mechanism (Kolupaeva et al., 1998; Pestova et al., 1998) and 
by eIF2-independent mechanisms (Pestova et al., 2008) and only requires factors eIF5B and eIF3 
(Terenin et al., 2008). HCV-IRES contains multiple subdomains with rigid modules & flexible 
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linkers. HCV-IRES undergoes a conformation change in Domain IV in which the hairpin 
containing the AUG unfolds to load the IRES into the mRNA channel (Filbin et al., 2011). 
Type IV IRESs are found in the intergenic region (IGR) in the genome of viruses in the 
Dicistroviridae family. Translation by the type IV IRES is considered factor-independent 
(Wilson, Powell, et al., 2000). That is to say, the type IV IRES bypasses the initiation process 
entirely upon binding to the ribosome by beginning translation in the elongation step. The type 
IV IRES achieves this by mimicking the initiator tRNA:mRNA complex to begin translation in 
the elongation step with a non-AUG start codon. This is striking as the shortest of the IRES 
types, containing fewer than 200 nucleotides can bring the ribosome to an elongation-ready state, 
a job that requires a dozen eukaryotic initiation factors required for canonical initiation. Some 
Type IV IRESs capable of initiating two reading frames (ORF2 and ORFx, as discussed 
previously). Two subclasses of the type IV IRES have been described (type IV.I and Type IV.II) 
A list of IRES types and their required translation machinery can be found in Table 1.2.  
 







eIF3 eIF4 eIF5 
eIF5B 
I Picornaviridae Enterovirus 450 ✓ ✓ ✓ ✓ eIF4A, 
eIF4Gm 
✓ 
II Picornaviridae Cardiovirus 
Aphthovirus 
450 ✓ ✗ ✓ ✓ eIF4A, 
eIF4Gm 
✓ 
III Flaviviridae Flavivirus 350 ✗ ✗ ✗ ✓ ✗ ✓ 
IV Dicistroviridae Cripavirus, 
Aparavirus, 
Triatovirus 





For the purpose of this chapter, the well-characterized Cricket Paralysis Virus (CrPV) 
IRES (Fernández et al., 2014) and Israeli acute paralysis virus (IAPV) IRES (Acosta‐Reyes et 
al., 2019) will be described as prototypical Type IV.I and Type IV.II IGR IRESs, respectively. It 
is worth noting that important work has been done by Korostelev on the type IV.II IGR IRES of 
Taura syndrome virus (TSV) (Abeyrathne et al., 2016; Koh et al., 2014), but for simplicity 
purposes, our focus for this subtype will be on IAPV. 
CrPV-IRES comprises domains 1- 3, each containing a pseudoknot (PK) structure (PKII, 
PKIII, and PKI, respectively) (Kanamori et al., 2001; Pfingsten et al., 2006). Domains I and II are 
principally responsible for binding affinity (Costantino et al., 2005). Domain III can fold 
independently of Domains I and II, binds specifically to the ribosome, and is essential for 
translation initiation because this domain contains the anticodon stem-loop-like motif that mimics 
codon-anticodon interaction between initiator tRNA and mRNA (Butcher et al., 2016; Jang et al., 
2009). CrPV IGR IRES translation initiation begins with the formation of a 40S-IRES⁠ complex, 
followed by the recruitment of the 60S subunit to the IRES-80S complex competent for translation 
initiation (Petrov et al., 2016). PKI initially occupies the A site of the ribosome, which blocks 
tRNA binding. To begin the elongation step, a pseudo-translocation, mediated by eukaryotic 
elongation factor 2 (eEF2), is required to shift PKI from the A site to the P site (Fernández et al., 
Table 1.1 Summary of IRES Types I-IV 
IRESs are classified into four types based on decreasing eIFs required, length, and increased 
structural complexity. Required factors for initiation by IRES for each class are noted with 
“✓” and factors that are unnecessary for IRES function are marked as “✗”. 
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2014). This allows AA-tRNA delivery to the A site by eukaryotic elongation factor 1 (eEF1). A 
polypeptide chain begins to form after a second translocation event moves the first tRNA from the 
A to the P site and PKI from the P to the E site. The prototypical type IV.II IRES can be found in 
the IGR region of the Israeli acute paralysis virus. The secondary structure of IAPV-IRES 
resembles that of CrPV-IRES with additional stem-loops in PKI and Domain I and a more 
extended L1.1 loop (Figure 1.4). Note, the additional stem-loop that is seen in Domain I of IAPV-
IRES does not occur in TSV-IRES, the other well-characterized Type IV.II IRES. In addition to 
the structural differences between these subclasses, the ribosomal states induced in their respective 
initiation methods differ. Both CrPV-IRES and IAPV-IRES initially bind to the ribosomal A site 
and must recruit eEF1A and eEF2 without ribosome-bound tRNAs. CrPV-IRES does this by 
inducing large rotations with a dynamic 40S mimicking a pre-translocated ribosomal state. 
Alternatively, IAPV-IRES mimics hybrid tRNAs directly, with the 40S in a rigid, canonical (non-





Structural studies of type IV IRESs, including those of CrPV-IRES and IAPV-IRES have 
provided deep insight into type IV IRES-mediated translation initiation (Acosta‐Reyes et al., 2019; 
Fernández et al., 2014). Some details, however, remain elusive. Because these IRESs in subtypes 
I and II initially bind the ribosome by inserting PKI into the A site and require eEF2 for 
translocation in the P site, frequently resulting in a double-translocated state after A site tRNA 
delivery, in addition to the proclivity of these IRESs to back-translocate, a structure of a complex 
in the state with the first AA-tRNA bound to the A site had remained elusive. The initiation 
mechanism used by NediV IGR IRES, which skips the first pseudo-translocation step by initially 
binding to the ribosome by inserting PKI in the P site, allows for capturing this state and provides 
a more comprehensive understanding of factor-independent initiation. 
1.7 NediV-like IRESs: A novel type IV IRES subclass 
Biochemical studies of NediV-IRES and the NediV-like Antarctic picorna-like virus 1 
(APLV-1)-IRES (Lu, 2019) suggest that NediV-IRES and APLV-1-IRES belong to a previously 
uncharacterized IGR IRES subtype.  
Metagenomics has been deployed to far more rapidly discover new viruses than the 
methods using host infection. However, before the further study of these viral genomes (or 
partial genomes, as is often the case) found using metagenomic tools, one must first ensure that 
the region of interest is functional, rather than simply an inactive mutant within a viral genome. 
Figure 1.4 Cartoon Depictions of Structures of CrPV-IRES and IAPV-IRES 
Structures of CrPV-IRES and IAPV-IRES illustrate the differences between the two subtypes, 




Based on the biochemical experiments, discussed below, NediV-IRES was selected as the 
prototypical IRES for this novel subtype and studied further via structural analysis.  
IGRs of APLV-1 and NediV were analyzed using toeprinting assays (Figure 1.5, A and 
B, respectively) for initiation complex formation. For both gels, IGR containing viral RNA alone 
was used as a negative control (Figure 1.5, lane 1). Complex formation was undetectable for the 
IRESs in the presence of 40S, initiator tRNA, and all initiation factors (Figure 1.5, lane 2), 
confirming cap-dependent initiation did not occur. Additionally, little-to-no complex could be 
formed in the presence of the 40S subunits alone (Figure 1.5, lane 3), suggesting NediV-like 
IRES initiation does not begin with the stable binding to the 40S as is the case for IGR IRESs in 
subtypes I and II. Complex formation was observed in the presence of both 40S and 60S subunits 
(Figure 1.5, lane 5 for APLV-1 and lane 4 for NediV). This suggests direct recruitment of the 
80S ribosome, which was more commonly observed at low Mg2+ concentrations for CrPV-IRES 
(Petrov et al., 2016). Potential start sites for ORF2 were identified at GCU5604-5606 and 
GCU1493-1495 for APLV-1 and NediV, respectively. Surprisingly, in the presence of 80S 
ribosomes, toe-prints of +16-17 nts were found for APLV-1, initial insertion of PKI into the 
ribosomal P site by APLV-1, rather than the A site as occurs with IGR IRESs in subtypes I and 
II. More surprisingly, the 80S in complex with NediV viral RNA yielded toeprints of both +15-
17 nts and +18-20 nts, though with lower intensity for the latter. This suggests that, in addition to 
inserting PKI into the P site, a small population can also be found with PKI in the ribosomal E 
site. This is striking because it indicates that NediV-IRES might have the unique ability to 
translocated without elongation factors. This would mean in addition to skipping all steps in the 
initiation process, NediV-IRES could also skip the first steps in elongation (though this would be 
incredibly inefficient). Unfortunately, this self-translocation could not be confirmed via 
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structural analysis. Addition of the E site binding fungicide cycloheximide, the elongation factors 
eEF1H (which contains both the GTPase eEF1A for tRNA delivery and its guanine nucleotide 
exchange factor eEF1B) and eEF2, and native total AA-tRNA resulted in bands at +18-21 and 
+18-20 for APLV-1 (Figure 1.5, lane 7) and NediV (Figure 1.5, lane 5), respectively, 
corresponding to the E site, suggesting the arrest of elongation. Because of the apparent ability to 
self-translocate, NediV-IRES was selected for structural analysis and will be used as 





NediV-IRES is shorter than previously studied type IV IRESs, with only 162 nucleotides 
(26 fewer than CrPV). Secondary structures were predicted using Mfold (Zuker, 2003), pkiss 
(Janssen et al., 2015), IPKnot (Sato et al., 2011) and on the basis of chemical probing data (Lu, 
2019). The secondary structures of NediV-IRES and CrPV-IRES are quite similar (Figure 1.6), 
with the most notable difference being the presence of a shorter stem-loop V (SL-V) in NediV-
IRES. This SL-V region is highly conserved in IGR IRES subtypes I and II and folds to allow 
interaction with eukaryotic small subunit ribosomal protein 25 (eS25) (Landry et al., 2009). 
Additionally, while the shape of the L1.1 region is similar, a highly conserved sequence in this 
region differs from that of CrPV and IAPV in NediV-like IRESs. 
 
Figure 1.5 Toeprinting analysis of members of the NediV-like Type IV IRES subclass 
Toeprinting analyses were used to study the RNA found in the IGR with indicated 
components for APLV1 (A) and NediV (B) A ladder was run in parallel on each gel (lanes 
C, T, A, G). The sequence and nucleotide position of the PKI triplet preceding the GCU 
initiation codon for each viral IGR is indicated on the left of each gel. The distance from the 
PKI triplet is indicated on the right. 





To help determine if a specific domain of NediV-IRES was responsible for unique 
toeprints observed, chimeric IRESs were synthesized by substituting individual domains from 
Figure 1.6 Predicted structure of NediV-IRES resembles that of CrPV-IRES 
Models were found using pKISS(Janssen et al., 2015) and Mfold(Zuker, 2003). NediV- IRES 
resemble CrPV-IRES (top right inset) structurally. Major structural differences can be seen in 
Domain II. The sequences of the L1.1 loop (left insets) and the apical “SL-IV” loop (L2.1) in 
NediV-IRES in NediV-IRES differ from equivalent, highly conserved regions in type IV.I 
IRESs. 
Figure taken with permission  from (Lu, 2019) 
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NediV-IRES with those from CrPV-IRES (Figure 1.7). When the SL-V containing Domain II of 
NediV-IRES was substituted with the corresponding region of CrPV (Figure 1.7), binding to the 
40S alone was observed (Figure 1.7, lane 4). A similar substitution for Domain III yielded 
similar results to the wild-type NediV-IRES, with the bands shifted two nts downstream (Figure 
1.7, lane 10). Toeprinting data obtained using both chimeric IRESs suggested binding to both P 
and E sites, meaning that this mechanism is not exclusively dependent PKI or Domain II, 
suggesting the two bands seen in the toeprint are likely the result of a combination of 
components within NediV-IRES. 
Understanding how a type IV IRES functions without apparently crucial components, like 






1.8 Structure resolution of NediV-IRES by cryo-EM 
To solve the three-dimensional structure of Nediv-IRES and to identify structural 
characteristics and interactions relevant for NediV IRES-mediated translation initiation, single-
particle cryogenic transmission electron microscopy (cryo-EM) was used. Cryo-EM has emerged 
as a useful tool in structural biology ⁠. Recent advances in direct detector technology, computational 
image processing methods and computational power have made it possible to obtain structures 
near-atomic, and occasionally atomic resolutions. Cryo-EM can be advantageous when compared 
to x-ray crystallography because lower concentrations of macromolecules can be imaged without 
the need to grow crystals. This means that cryo-EM allows high-resolution imaging of 
macromolecules in less energetically favorable states than can be found using crystallography. 
While there are still difficulties in imaging smaller molecules, cryo-EM has been well-established 
use in the study of ribosomes (Frank, 1996, 20z02; Grassucci et al., 2007). NediV-IRES, like other 
type IV IRESs, is ideal for structural analysis because type-IV IRESs are relatively inefficient, 
making capturing discrete states more attainable as they occur at timescales consistent with 
conventional sample preparation times (seconds).  
Figure 1.7 NediV-CrPV IRES Chimeric IRESs 
(Left) Schematic representations of chimeric IRESs with regions from NediV-IRES in black and 
regions from CrPV-IRES in magenta. (Right) Chimeric IRESs were examined via toeprinting 
analysis in the presence of the indicated components. The wild-type NediV IRES can be seen in 
lane 2.  
Figure taken with permission from (Lu, 2019) 
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Natively purified 80S ribosome samples on gold-coated grids, which reduce radiation-
induced vibrations during imaging (Russo et al., 2014)⁠, have been prepared. Using a plunge-
freezing apparatus called the Vitrobot Mark IV (Thermo Fisher, Waltham, MA) (Iancu et al., 
2007), these samples have been plunge-froze in liquid ethane at liquid nitrogen temperature 
(−196°C) to produce grids with randomly oriented particles in vitreous ice. 
Imaging of frozen samples was done using a ThermoScientific Tecnai Polara F30, 
containing a high-energy electron beam (300 keV) under vacuum at liquid nitrogen temperatures. 
Electron absorption by the sample during seconds-long exposures was measured to produce 
micrograph stacks (also called movies) containing hundreds of particles with 2D projections of 
each macromolecule in each hole Micrograph stacks were aligned and dose-weighted using 
MotionCor2 (Zheng et al., 2017) software to correct for beam-induced vibrations to produce 
micrograph images from each hole imaged. GCTF (Zhang, 2016) was then used to Estimate 
defocus values by fitting the right contrast transfer function (CTF) parameters of each 
micrograph, which mathematically describes how aberrations in a TEM affect the image of a 
sample. Aligned raw images and power spectrum images were then screened to remove 
micrographs with astigmatism, drift, and crystalline ice. After screening, Gautomatch 
(http://www.mrc-lmb.cam.ac.uk/kzhang) was used without a template for non-biased 
selection of all 2D particle projections. Relion (Scheres, 2013) was then used⁠ to classify and 










2.1 Introduction   
Characterization of the interaction between virus and host promises to shed light on both 
of these respective entities. The virus, honed by evolution to take advantage of its host’s cellular 
machinery, represents a kind of probe capable of extracting insights about the very machinery it 
is designed to subvert. Of course, the virus in itself is a valuable object for study. Both basic 
biology and biomedical fields stand to profit from the study of viruses. Unfortunately, viral 
infections remain a serious cause of death, disability, and economic distress in the modern world. 
These include viruses known to contain internal ribosome entry sites (IRES) elements in their 
genomes. 
The present manuscript concerns biology specific to single-stranded RNA viruses. Single-
stranded RNA viruses possess either positive- or negative sense RNA genomes. Positive-sense 
viral RNA resembles mRNA in its ability to be translated directly by the host ribosomes. 
Conversely, negative-sense viral RNA requires transcription by an RNA-dependent RNA 
polymerase in order to realize a state in which translation is possible. Viruses can be further 
classified by the presence of a protein-containing lipid bilayer surrounding the viral capsid called 
the envelope (Lodish et al., 2000) 
Viruses in the family Dicistroviridae are non-enveloped, positive-sense RNA viruses that 
demonstrate tropism for arthropods. Dicistroviruses can be classified as belonging to Cripavirus, 
Aparavirus, or Triatovirus genus (Valles et al., 2017). One such virus is Nedicistrovirus, or Nepal 
sewage dicistro-like virus (NediV). Nedicistrovirus was first discovered via metagenomic analysis 
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of nucleic acids present in a sample taken from the eponymous Nepali sewage.  NediV has been 
classified as a member of the Cripavirus genus (Ng et al., 2012).  
Viruses lack the machinery to translate their genomes. In order to produce viral proteins 
by expressing the genes encoded in its genome, a virus must exploit the ribosomes of its host. 
The vast complexity of canonical eukaryotic translation, as well as the innate immune response, 
militate against the virus productively accessing the host’s ribosome. In addition to the ribosome, 
canonical translation initiation requires a host of initiation factors (Jackson et al., 2010). The 
virus’ ability to hijack its host’s genome is further hindered by the requirement for its RNA 
inputs to bear a 5’-cap. In the face of these challenges, viruses have evolved means for bypassing 
canonical eukaryotic translation initiation. One such adaptation is the IRES, a highly structured 
non-coding RNA capable of mimicking features of the host’s translational machinery (Mailliot et 
al., 2018). IRESs are classified according to three criteria: sequence, secondary structure, and 
necessary initiation factors. Along these lines, viral IRESs are designated as belonging to one of 
four groups (types I-IV). Type number tracks the aforementioned criteria, increasing with 1) 
decreasing length, 2) decreasing number of translation factors required for IRES-mediated 
translation initiation, ⁠ and 3) increasing structural complexity 
NediV contains an intergenic region (IGR) IRES type IV. Type IV IRESs are noteworthy 
for their ability to circumvent the requirement for the entire complement of canonical initiation 
factors (Wilson et al., 2000). By mimicking the initiator tRNA:mRNA complex, Type IV IRESs 
effectively sidestep the canonical initiation stage (Jan, 2006). The ability to enter directly into the 
elongation stage, absent the multiple necessary initiation factors that mediate the canonical 
pathway to elongation, is made all the more remarkable by the fact that type IV IRESs contain no 
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more than 200 nt. Furthermore, some type IV IRESs are known to initiate elongation with an a 
+1 open reading frame (termed ORFx) in addition to ORF2 (Wang et al., 2014).  
Type IV IRESs can be subcategorized as being either Type IV.I or Type IV.II. Two of 
the best-characterized Type IV IRESs are Type IV.I Cricket Paralysis Virus (CrPV) IRES and 
Type IV.II Israeli acute paralysis virus (IAPV) IRES. While our discussion will focus on IAPV-
IRES, is necessary to note that the type IV.II IRES found in Taura syndrome virus (TSV) has 
also been well-characterized (Abeyrathne et al., 2016; Koh et al., 2014). Permit me to take you, 
reader, on a guided tour of these IRESs.  
The CrPV-IRES structure can be subdivided into three domains, each of which 
prominently features a pseudoknot (designated PKI, PKII, and PKIII) (Kanamori et al., 2001; 
Pfingsten et al., 2006). Domains I and II are responsible for binding affinity between the IRES 
and the ribosome (Costantino et al., 2005), whereas domain III bears a stem-loop-like motif 
resembling the anticodon it serves to mimic (Jan, 2006).  The CrPV IRES initially binds the 
small ribosomal subunit. The 60S subunit is subsequently recruited to the (40S)-IRES complex, 
thereby rendering the complex competent for initiation (Fernández et al., 2014).  PKI occludes 
the A-site, preventing tRNA binding. Elongation commences with eEF2-mediated pseudo-
translocation of PKI from the A site to the P site.  The vacated A site accepts an aminoacylated 
tRNA (Hussain et al., 2014). Subsequent translocation shifts the aforementioned tRNA from A to 
P sites, and PKI from the P to E sites, which results in an 80S ribosome with tRNA linked to a 
single amino acid in the P-site to begin a nascent polypeptide chain. 
The prototypical type IV.II IAPV-IRES is distinguished from type IV.I by additional 
stem-loop in PKI and a larger L1.1 loop (Au et al., 2015)(Figure 1.4). Note, IAPV-IRES contains 
an additional stem-loop at the 3’ end in Domain I that does not occur in TSV-IRES. Type IV.I 
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and IV.II IRESs are further distinguished by the mechanisms each employ to circumvent the 
requirements of canonical initiation. The CrPV-IRES induces the 40S to undergo large rotations, 
resulting in a state akin to that observed in a pre-translocated ribosome. The IAPV-IRES, 
alternatively, structurally mimics hybrid tRNAs directly. The IAPV-IRES mechanism retains the 
40S in a ridged, non-rotated ribosomal state (Acosta‐Reyes et al., 2019). Despite their divergent 
mechanisms both CrPV and IAPV-IRESs bind to the ribosomal A site and share a requirement 
for eEF1A and eEF2 in order to effect translation.  
A comprehensive understanding of the mechanisms underlying Type IV IRES-mediated 
translation initiation is yet to be realized. In particular, previous studies have failed to capture a 
structure for the IRES-ribosomal complex with its A site occupied by AA-tRNA. The reader will 
recall that PKI of subtype I and II IRESs are introduced into the A site, followed by eEF2-mediated 
translocation. The tendency for double-translocated states and back-translocation (Fernández et 
al., 2014; Muhs et al., 2015) in this system means that the structural details pertaining to how the 
first AA-tRNA binds the A site have remained elusive.  
NediV-IRES offers a system capable of remedying the foregoing lacuna in our 
understanding of factor independent initiation. In contrast to IAPV- and CRPV-IRESs, NediV-
IRES skips the first pseudo-translocation step. NediV-IRES-mediated initiation proceeds through 
the insertion of PKI into the P-site. NediV-IRES is also distinguished for its length (162 nt), which 
is shorter than previously documented type IV IRESs. In particular, the stem-loop V (SL-V) in 
NediV-IRES is shorter than its counterpart in other Type IV.I and IV.II IRESs. SL-V is a highly 
conserved region observed to interact with eukaryotic small subunit ribosomal protein 25 (eS25) 
(Landry et al., 2009).  
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How does a type IV IRES function with a shortened SL-V? The answer to this question 
may provide valuable insights capable of being parlayed towards engineering IRES-like 
biochemical tools. 
Biochemical studies of NediV-IRES and the NediV-like Antarctic picorna-like virus 1 
(APLV-1)-IRES suggest that NediV-IRES and APLV-1-IRES belong to a previously 
uncharacterized IGR IRES subtype (Lu, 2019). 
 
2.2 Results  
In order to characterize each step in the novel translation initiation mechanism by which 
NediV-IGR-IRES initiates translation, four complexes were assembled in vitro from purified 
components: 80S:NediV-IRES, 80S:NediV-IRES:Ala-tRNA, 80S:NediV-IRES:Ala-tRNA:eEF2, 








2.2.1 NediV-IRES binds to the ribosome in the canonical (non-rotated) state at the P 
site  
 
For the NediV-IRES:80S complex, NediV-IRES was incubated with pre-incubated 40S 
and 60S ribosomal subunits. 10,690 micrographs were collected at 1.24Å/pixels and processed as 
depicted in Figure 2.1 A, from which 459,177 particles were selected after 2D Classification and 
418,514 remained after global 3D classification. Focused classification after signal subtraction 
Figure 2.1 Relion processing steps 
Data were processed in Relion for each of the four complexes: NediV-IRES:80S (A), NediV-
IRES:80S:tRNA (B), NediV-IRES:80S:tRNA:eEF2 (C), and NediV-IRES:80S:tRNA:eRF1 
(D).   Particles in each complex were binned to ~6Å/pixel before undergoing 2D classification 
to remove any junk particles selected during particle picking. This step was followed by a 
consensus 3D refinement to align cleaned particles 80S particles. Particularly difficult 
complexes (A, D) underwent a round of global 3D classification to further remove junk 
selected during particle picking. Cleaned particles were then un-binned and aligned before 
undergoing signal subtraction. For signal subtraction, a mask was made in Chimera to include 
only the inter-subunit space allow for a focused classification that is not dominated by the large 
60S subunit. In this step, classes with empty ribosomes and ribosomes with non-specifically 
bound E site tRNA were eliminated. Classes with differing orientations of NediV-IRES were 
then aligned in a final 3D refinement before undergoing sharpening, model building, or further 
alignment using cryoSPARC.  
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yielded three classes (class 1-3) with 79,689, 148,833, and 80,949 particles and resolutions of 
3.20Å, 3.18Å, and 3.21Å, respectively (Figure 2.2A).   
The three classes showed the 40S in the non-rotated ribosomal state with little variation 
in ribosome states (Figure 2.2B). Minor swiveling of the 40S head was seen between classes 
with respective 17Å, 19Å, and 18Å distance of the P gate, constriction in the 18S rRNA between 
residues surrounding A1641 of 40S head and A1058 within the 40S body (Flis et al., 2018). 
indicating the gate is closed in all classes.   
PKI, the codon-anticodon mimic region, was found in the ribosomal P for all classes, 
leaving the ribosomal A site vacant (Figure 2.2C). This finding suggests that NediV-IRES is able 
to skip the first GTPase eEF2 dependent pseudo-translocation step seen in all previously studied 
type IV IRESs. While the ribosomal state was quite similar among the three classes, the classes 
were differentiated by movements of NediV-IRES, primarily in Domains I and II, which was 








2.2.2 NediV-IRES structure  
Bioinformatic approaches, including Mfold (Zuker, 2003), pKiss (Janssen & Giegerich, 
2015), IPKnot (Sato et al., 2011), chemical probing and systematic mutational analysis were 
used to generate a structural model of the NediV IRES (Lu, 2019). 
 This model was used to guide the manual building of the atomic model in Coot (Emsley 
et al., 2004) based on the cryo-EM density (Figure 2.3A). Like the prototypical type IV IRES, 
NediV-IRES has three domains (1-3), each containing a pseudoknot (PK) structure (PKII, PKIII, 
Figure 2.2 Classification in Relion yielded 3 classes for the NediV-IRES:80S Complex 
Details of the three NediV-IRES:80S classes are depicted. (A) The FSC for NediV-
IRES:80S complex class 1, 2, and 3, respectively as determined after non-uniform 
refinement in cryoSPARC is shown. (B) Variation between the 40S rotational states of the 
three classes is depicted as a ribbon diagram of the 40S colored by pairwise root‐mean‐
square deviation displacements observed between NediV-IRES:80S classes. Displacement 
was measured after the aligning each model’s corresponding 23S rRNA. (C) Shows a 
superposition of the NediV‐IRES in complex with the 80S (class 1) with canonical tRNAs 
(PDB:4V5D (Voorhees et al., 2009) Helix 18 of the 18S rRNA was fit into density maps to 
align tRNAs illustrates the tRNA mimicry used by NediV-IRES in the initial binding step 
from the NediV-IRES:80S complex. (D) A ribbon diagram of NediV-IRES colored by 
pairwise root‐mean‐square deviation displacements. observed between NediV-IRES:80S 
classes in a schematic model of the 80S ribosome shows only notable in the orientation of 
Domains I and II of NediV-IRES between the three classes. Displacement was measured 
after the alignment of each class’s corresponding 40S subunit. 
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and PKI, respectively). Domains I and II are responsible for binding the large and small 
ribosomal subunits, respectively. Domain III is necessary for efficient translation initiation 
because this domain contains the anticodon stem-loop-like motif that mimics codon-anticodon 







Domain I contains the L1.1 region, which binds to the large subunit ribosomal protein 1 
(rpL1), and PKII, which is necessary for folding and connects Domains 1 and 3. While this 
region is structurally similar to that of CrPV-IRES, the primary structure of the L1.1 region, 
which is highly conserved in previously studied type IV IRESs (Fernández et al., 2014; Jang et 
al., 2009), but differs in NediV-IRES (Figure 1.7) (Lu, 2019). The L1:L1.1 region is highly 
dynamic (Figure 2.3 D), and thus modeling precise nucleotides in this region is difficult, 
apparent interaction between NediV-IRES residue G1391 and L1 residue K118 and between 
NediV-IRES residue C1384 and L1 residue M159 can be seen (Figure 2.4 A). This region is 
dynamic in all type IV IRESs structures, so details of these interactions are unknown at the 
nucleotide level. Additionally, two non-canonical base-pairs that are unique to NediV-IRES, 
between A1444 and A1362 and between A1443 and U1361 can be seen in Domain I (Figure 2.4 A), 
which likely assist in folding and support the unstable components of Domain II. 
Domain II is made up of stem-loops IV and V (SL-IV, SL-V), with the loop of SL-V 
forming PKII. SL-V is shorter in NediV-IRES than that of CrPV-IRESs a result of this, PKII is 
Figure 2.3 Structure of NediV-IRES suggests it falls into a novel Type IV IRES 
subclass.  
The structural details of NediV-IRES are depicted. (A) NediV-IRES structure is depicted 
and colored according to the domains and subdomains. (B) Depicts a ribbon diagram the 
atomic model of the 80S for the 80S: NediV-IRES (class 1) with NediV‐IRES depicted at 
6Å using the molmap function in UCSF Chimera (Pettersen et al., 2004) and colored 
according to the domains and subdomains depicted in Figure 2.3 A. (C-D) Show a close‐up 
views of the most significant regions of NediV-IRES, SL-V:eS25 (C) and L1.1:L1 (D) 
interactions in the unsharpened cryo‐EM density from class 1. 
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made up of only two base-pairs, as opposed to five in CrPV. The PKII formed by the loop of the 
shortened SL-V causes the nucleotides between SL-IV and SL-V to bulge, forming a two-base-
pair1421-1425 miniature stem-loop between SL-IV and SL-V (Figure 2.4 B) that has not been seen 
in previously studied type IV IRESs. Rather than the UU in the loop of SL-IV as seen in 
previously studied type IV IRESs (Nishiyama et al., 2007), a single nucleotide C1432 suggests the 
possibility of a transient interaction with G115 eS25 (Figure 2.4 B). Because of the length, this 
miniature stem-loop is likely highly unstable, explaining the necessity for direct 80S recruitment. 
Domain III is made up of a stem-loop and a variable loop (VLR), which fold to make 
PKI, which mimics a tRNA:mRNA complex. Domain III of NediV-IRES is quite structurally 
similar to that of CrPV-IRES, with the helix of PKI of NediV-IRES containing 10 base pairs, 
compared to 11 in that of CrPV-IRES and 7 ribonucleotides in the VLR of NediV-IRES 
compared to 9 in that of CrPV-IRES. In PKI, G1466 interacts with the 3; minor domain of the 18S 
rRNA (Figure 2.4 C). This interaction can be seen with the equivalent CrPV-IRES PKI residue 
(U6186) interacting with the same rp16 residue when in complex with the 80S and eRF1 with 
CrPV-IRES in the P site. While the map is not resolved enough to make out single residues in 
the VLR, there appears to be an interaction between the VLR of NediV-IRES with small subunit 
ribosomal protein 7 (uS7) (Figure 2.4 C), which assists in the stabilization of E-site tRNA. This 
interaction can be seen between the equivalent VLR nucleotide of P site IRES for CrPV (Muhs et 





2.2.3 NediV-IRES primes tRNA for translocation  
The ability of NediV-IRES to bind to the ribosomal P site without the pseudo-
translocation step by eEF2 provides the unique opportunity to capture an IRES:A site tRNA 
Figure 2.4 NediV-IRES folds into a complex tertiary structure that interacts both 
with itself and with the ribosome. 
The interactions made by NediV-IRES when in complex with an 80S ribosome in the 
atomic model are shown mapped onto the nucleotide structure. Domains 1, 2, and 3, 
correspond to A, B, and C, respectively.   
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complex. For this NediV-IRES:80S:tRNA complex, NediV-IRES was incubated with Ala-tRNA, 
eEF1H, and GTP with pre-incubated 40S and 60S mammalian ribosomal subunits. 4,641 
micrographs were collected at 1.24Å/pixels and processed as depicted in Figure 2.1 B, from 
which 21,4101 particles were selected after 2D Classification. Focused classification after signal 
subtraction yielded three classes (class 1-3) with 17,544, 55,208, and 24,422 particles and 
resolutions of 4.34Å, 4.17Å, and 4.13Å (Figure 2.5 A).  
The three classes in this complex were found to be between partially to fully rotated 
(1.5°, 9.8°, and 5.0°, respectively) ribosomal states (Figure 2.5 C-D), yet NediV-IRES remained 
bound to the ribosomal P site with very little movement relative  to the 18S rRNA (Figure 2.5 E, 
F), suggesting that the initial tRNA binding stabilizes Domains I and II of NediV-IRES and 
allows for the capturing of both canonical and hybrid ribosomal states. This dynamic 40S is also 
seen in canonical elongation with the delivery of A site tRNA and when CrPV, but not IAPV, 








2.2.4 Translocation of tRNA with NediV-IRES is consistent with that of CrPV-
IRES  
To examine the translocation step, two complexes, 80S:NediV-IRES:tRNA:eEF2 and 
80S:NediV-IRES:tRNA:STOP:eRF1, were solved to ~6Å resolution, at which point it was 
apparent that NediV-IRES uses the same mechanism of translocation as does CrPV-IRES as 
Figure 2.5 Classification done in Relion yielded three classes with tRNA in the A/P 
orientation.  
Details of the three NediV-IRES:80S:tRNA classes are depicted. (A) The FSC for NediV-
IRES:80S:tRNA complex class 1, 2, and 3 respectively as determined after non-uniform 
refinement in cryoSPARC is shown. (B) Superpositions of the NediV‐IRES:80S:tRNA 
class 1 and tRNA, with tRNAs in different configurations (canonical: PDB:4V5D 
(Voorhees et al., 2009), with A/T‐tRNA PDB:5LZS (Shao et al., 2016), and hybrid tRNA 
PDB:3J7R (Voorhees et al., 2014)) as indicated at the bottom show that, upon binding, 
NediV-IRES primes the ribosome for tRNA in the P/P orientation. Helix 18 of the 18S 
rRNA was fit into density maps to align tRNAs. (C) Ribbon diagrams of the 40S colored 
by pairwise root‐mean‐square deviation displacements observed between NediV-
IRES:80S:tRNA classes show large variation between classes after the binding of tRNA. 
Displacement was measured after the alignment of the corresponding 18S rRNAs. (D) 
Ribbon diagrams of NediV-IRES colored by pairwise root‐mean‐square deviation 
displacements observed between NediV-IRES:80S:tRNA classes in a schematic model of 
the 80S ribosome show that Domains I and II are more stable after the binding of tRNA. 
Displacement was measured after the alignment of the 40S subunits. 
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described in (Pisareva et al., 2018). The mechanism by which these steps occur is depicted in 
Figure 2.6 A.  
  
For the NediV-IRES:80S:tRNA:eEF2 complex, NediV-IRES was incubated with Ala-
tRNA, eF1H, eEF2, and pre-incubated 40S and 60S ribosomal subunits. 4,139 micrographs were 
collected at 1.66Å/pixels. A lower magnification was used for this complex to increase the 
number of particles per micrograph to compensate for an expected increase in compositional 
heterogeneity from double translocation events, resulting in NediV-IRES exiting the ribosome, 
and non-specific binding of E-site tRNA. These images were processed as depicted in Figure 2.1 
C, from which 516,318 particles were selected after 2D Classification. Focused classification 
after signal subtraction yielded one class with 23,020 particles.  
  
In this complex, the ribosome was found to be in a partially rotated conformation. Upon 
binding eEF2 to the ribosomal A site and prior to GTP hydrolysis, tRNA is translocated to the 
ribosomal P site while NediV-IRES is partially translocated to a position between the P and E 
sites (Figure 2.6 B, C). The ability to capture this state suggests that, like CrPV-IRES, 
translocation of tRNA by NediV-IRES occurs very inefficiently. In this complex, NediV-IRES 
appears to be in a more compressed state, with Domain III moving independently to Domains I 
and II, which has been described previously for other type IV IRESs (Pfingsten et al., 2007; 
Schüler et al., 2006; Spahn et al., 2004). 
For the NediV-IRES:80S:tRNA:stop:eRF1 complex, NediV-IRES was incubated with 
Ala-tRNA, eEF1H, eEF2, GTP, eRF1, eRF3 and pre-incubated 40S and 60S ribosomal subunits. 
3,273 micrographs were collected at 0.98Å/pixels. While the same heterogeneity was expected in 
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this complex as in the NediV-IRES:80S:tRNA:eEF2 complex, a lower magnification was not 
necessary to increase the number of particles per micrograph as a recent camera upgrade allowed 
for faster image collection and a larger field of view. These images were processed as depicted in 
Figure 2.1 D, from which 221,955 particles were selected after 2D Classification and 215,636 
remained after global 3D classification. Focused classification after signal subtraction yielded 
one class with 23,729 particles.  
In this complex, the addition of the stop codon after the first tRNA showed PKI of 
NediV-IRES opened in the ribosomal E site, with Ala-tRNA in the P site and eRF1 in the A site 
(Figure 2.6D, E). It is possible that this opening of PKI assists in the threading of the viral 
mRNA of ORF 2 into the mRNA channel. This opened PKI mimics the binding of the type III 
IRES, Hepatitis C Virus-IRES (HCV-IRES), as previously described with CrPV-IRES in 








Using single-particle cryo-EM, we have characterized the way by which the first in a 
novel type IV IRES subclass, found in the IGR of the Nedicistrovirus (NediV), hijacks 
ribosomes for production of viral proteins.  
The structures of type IV IRESs in two subclasses have been characterized, specifically 
CrPV-IRES (type IV.I) and IAPV-IRES (type IV.II). While all type IV IRES subclasses have a 
similar three-domain structure, IAPV-IRES contains additional stem-loops in PKI and at the in 
Domain I at the 5’ end and a longer L1.1 region. We propose the structural and functional 
differences seen in NediV-IRES represent a novel type IV IRES subclass. The secondary 
Figure 2.6 NediV-IRES translocation is similar to that of CrPV-IRES 
The steps from binding of eEF2 to the fully translocated E site IRES are depicted. (A) A 
schematic representation of the translocation step is shown with a partially translocated 
step with eEF2 bound to the A site, tRNA in the P site, and NediV-IRES between the P 
and E sites (B, C) and after eEF2 release, the addition of a stop codon allows for the 
recruitment of eRF1 and imaging of a fully translocated state with PKI of NediV-IRES 
opening (D, E) in a manner similar to that described for CrPV in (Pisareva et al., 2018). (B, 
D) Show unsharpened cryo-EM maps NediV‐IRES:80S:tRNA:eEF2 (B) and NediV‐
IRES:80S:tRNA:eRF1 (D) complexes with factors colored as they are depicted in Figure 
2.6 A. (C, E) Overlays canonical tRNAs (PDB:4V5D, (Voorhees et al., 2009)) in the 
NediV‐IRES:80S:tRNA:eEF2 (C) and IRES:80S:tRNA:eRF1 (E) complexes with the 80S 
density subtracted using Segger in UCSF Chimera (Pettersen et al., 2004) show a more 
clear view of the translocation event, with the factors and NediV-IRES colored as they are 
in Figure 2.6 B, and D. 
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structure of NediV-IRES resembles that of CrPV, with the most notable differences in Domain II 
(Figure 1.7). Specifically, SL-V is shortened in NediV-IRES. This shortened SL-V forms a 
pseudoknot with the loop, rather than in the middle of, the SL-V, resulting in a miniature stem-
loop made up of the residues between SL-IV and SL-V. Further differences can be seen in 
Domain I, with non-canonical base-pairs between A1444:A1362 (type II) and A1443:U1361 (type 
XXIII) and an L1.1 region with a similar length but lacking the highly conserved sequence 
(Figure 1.7). 
It has been shown that NediV-IRES and the NediV-like APLV-1-IRES are unable to 
form a stable IRES:40S complex, but rather require previously assembled 80S ribosomes (Lu, 
2019). While this direct binding of the 80S has been observed with CrPV-IRES, primarily in the 
presence of low concentration of Mg 2+ (Petrov et al., 2016), NediV-type IRESs are the first in 
which this step is obligatory. 
Factor independent translation initiation is the hallmark feature of the type IV IRES 
(Wilson et al., 2000). This is done by inducing an altered ribosomal state to recruit eEF2 and 
eEF1A without tRNA. This altered ribosomal state differs between subtypes. Both CrPV and 
IAPV bind initially to the ribosomal A site. Upon binding CrPV-IRES, a highly dynamic small 
subunit is observed, with a wide rotation in the 40S mimicking a pre-translocation state of 
ribosomes with tRNAs. Conversely, the IAPV-IRES bound ribosome is in a stably non-rotated 
state that mimics a ribosomal state with hybrid tRNAs (Acosta‐Reyes et al., 2019). These IRESs 
must be translocated to the ribosomal P site by eEF2 before delivery of the first tRNA can occur. 
In marked contrast, NediV-IRES does not require this first eEF2-dependent pseudo-translocation 
step, but rather directly inserts PKI into the ribosomal P site, leaving the A site vacant, primed 
for tRNA delivery and translocation. In this state, PKI mimics a canonical P site tRNA with the 
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ribosome in a non-rotated state with the P gate closed. Upon delivery of the first AA-tRNA, PKI 
remains in the ribosomal P site with a highly dynamic 40S and the AA-tRNA in a hybrid A/P 
state. AA-tRNA is translated to the ribosomal P site with the assistance of eEF2. This 
translocation step is completed with the departure of eEF2 from the ribosomal A site and 
subsequent opening of NediV-IRES PKI as it is translocated into the ribosomal E site (Figure 





2.4 Materials and Methods   
2.4.1 Sequence  
The sequence for Nedicistrovirus was retrieved from the NCBI database 
(http://www.ncbi.nlm.nih.gov/nuccore). 
2.4.2 Plasmids  
Transcription vectors for NediV-IGR-containing viral RNAs were synthesized de novo to 
form a T7-Stem-NediV construct made from a T7 promoter with the sequence 5’-
Figure 2.7 The initiation mechanism used by NediV-IRES suggests it belongs to a novel 
type IV IRES subclass 
NediV-IRES binds directly to the 80S ribosome with the 40S in the canonical, non-rotated state 
with PKI inserted into the P site. Delivery of the first AA-tRNA by eEF1 after hydrolysis of GTP 
positions the tRNA in the A site in an A/P conformation with a dynamic 40S (in both rotated and 
non-rotated states). eEF2 is then delivered to the A site to begin the translocation step. After GTP 
hydrolysis, eEF2 exits the A site. The addition of a stop codon in the second position was used to 
capture the fully translocated state, in which PKI opens in the E site, in an orientation similar to 
that seen in CrPV-IRES (Pisareva et al., 2018). In addition to the structural differences, 
mechanisms differentiate previously studied type IV IRES subtypes. Specifically, CrPV-IRES 
captures free 40S subunits before recruitment of the 60S. The 40S in this complex is highly 
dynamic. CrPV-IRES recruits elongation factors by mimicking a rotated state of the ribosome 
with tRNAs. While IAPV-IRES captures free 40S subunits before recruitment of the 60S in a 
similar manner, but in this complex, the 40S is stable in the non-rotated state. IAPV-IRES 
recruits elongation factors by mimicking a ribosome state with tRNAs in hybrid configurations. 
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GGCTCGAGGCCCGGTGACGGGCCTCGGGCC-3’. A stable hairpin formed in the T7 
promoter blocks 5’-end dependent attachment and scanning. Additionally, nts 1161-1606 of the 




2.4.3 Ribosome and factor purification  
 Native eIFs and ribosomal subunits were purified from untreated rabbit reticulocyte 
lysate (RRL, Green Hectares). This was done by first using ultracentrifugation on the RRL, 
which was then split into a ribosomal salt was fractioned that contained eIFs and pellets with the 
40S and 60S subunits. This salt wash fraction was fractionated further with ammonium sulfate 
(AS) precipitation. Selected AS fractions were passed through two cellulose-based ion-exchange 
columns and then individual factors were purified using fast protein liquid chromatography 
(FPLC). Individual ribosomal subunits were purified from pellets using 10-30% sucrose density 
gradients (SDGs). Details of these protocols can be found in (Pisarev et al., 2007). 
 eEF2 and eEF1H also purified from the RRL ribosomal salt wash fraction. eEF1H, which 
is a complex of eEF1A with its guanine nucleotide exchange factor eEF1B, was purified from 
the 40-50% AS fraction and passed through a phosphocellulose (Whatman P11, Fisher 
Figure 2.8 Plasmid construct used for NediV-IRES expression 
Plasmid construct was cloned into pUC57-Amp. Wild-type NediV IGR IRES is shown as a 
squiggly line. The primer binding site was selected ~100 nts downstream of the predicted 
start site.  
Imaged adapted with permission from (Lu, 2019) 
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Scientific) column and further purified by FPLC and gel filtration. eEF2 was purified from the 
50-70% AS fraction and passed through a DEAE-cellulose (Whatman DE52, Fisher Scientific) 
column and purified by FPLC. Details of these protocols can be found in (Pestova & Hellen, 
2005).  
Recombinant versions of eRF1 and eRF3 were expressed in E. coli. eRFs were then 
purified on Ni 2+ -NTA columns. The proteins were further purified by FPLC. eRF3 used in 
these experiments lacks 138 amino acids from its N-terminus; these amino acids are dispensable 
for eRF3’s GTPase activity and for its stimulation of eRF1 release activity. Details of these 
protocols can be found in (Alkalaeva et al., 2006). 
The details of the cloning of tRNAAla have been previously described in (Pestova et al., 
2003). 
All biochemistry methods above were previously described in (Lu, 2019). 
2.4.3 Cryo‐EM sample preparation and data acquisition 
For the NediV-IRES:80S complex: 3 μl aliquots of assembled ribosomal complexes at 
500 nM concentration were incubated for 20 minutes on plasma‐treated, gold-coated holey 
carbon grids Quantifoil R1.2/1.3 (Russo et al., 2014). Grids were blotted for 5 s and flash‐frozen 
in liquid ethane using an FEI Vitrobot. Grids were then transferred to a Polara‐G2 microscope 
operated at 300 kV and equipped with a Gatan K2 Summit direct detector. 10,690 movies were 
collected in counting mode at 8e−/pix/s at a magnification of 31,000, corresponding to a 
calibrated pixel size of 1.24 Å. Defocus values specified in (Carragher et al., 2000) ranged from 
2.5 to 3.5 μm. 
For the NediV-IRES:80S:tRNA complex: 3 μl aliquots of assembled ribosomal 
complexes at 80 nM concentration were incubated for 20 minutes on plasma‐treated gold-coated 
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holey carbon grids QUANTIFOIL R1.2/1.3 (Russo et al., 2014) with homemade continuous 
carbon film estimated to be 50 Å thick. Grids were blotted for 9 s and flash‐frozen in liquid 
ethane using an FEI Vitrobot. Grids were then transferred to a Polara‐G2 microscope operated at 
300 kV and equipped with a Gatan K2 Summit direct detector. 4,641 movies were collected in 
counting mode at 8e−/pix/s at a magnification of 31,000, corresponding to a calibrated pixel size 
of 1.24 Å. Defocus values specified in Leginon (Carragher et al., 2000) ranged from 2.5 to 3.5 
μm. 
For the NediV-IRES:80S:tRNA:eEF2 complex: 3 μl aliquots of assembled ribosomal 
complexes at 80 nM concentration were incubated for 20 minutes on plasma‐treated gold coated 
holey carbon grids Quantifoil R1.2/1.3 (Russo et al., 2014) with homemade continuous carbon 
film estimated to be 50 Å thick. Grids were blotted for 9 s and flash‐frozen in liquid ethane using 
an FEI Vitrobot. Grids were then transferred to a Polara‐G2 microscope operated at 300 kV and 
equipped with a Gatan K2 Summit direct detector. 4,193 movies were collected in counting 
mode at 8e−/pix/s at a magnification of 23000, corresponding to a calibrated pixel size of 1.66 Å. 
Defocus values specified in Leginon (Carragher et al., 2000) ranged from 1.5 to 3.5 μm. 
For the NediV-IRES:80S:tRNA:eRF1 complex: 3 μl aliquots of assembled ribosomal 
complexes at 80 nM concentration were incubated for 20 minutes on plasma‐treated gold-coated 
holey carbon grids Quantifoil R1.2/1.3 (Russo et al., 2014) with homemade continuous carbon 
film estimated to be 50 Å thick. Grids were blotted for 9 s and flash‐frozen in liquid ethane using 
an FEI Vitrobot. Grids were then transferred to a Polara‐G2 microscope operated at 300 kV and 
equipped with a Gatan K3 direct detector. 3,273 movies were collected in counting mode at 
16e−/pix/s at a magnification of 39000, corresponding to a calibrated pixel size of 0.95 Å. 
Defocus values specified in Leginon (Carragher et al., 2000) ranged from 1.5 to 3.5 μm. 
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Movies were recorded in automatic mode using the Leginon (Carragher et al., 2000) software, 
and frames were aligned using Motioncor2 (Zheng et al., 2017). Data collection was monitored 
and checked on the fly using Appion (Lander et al., 2009). 
2.4.4 Image processing and structure determination 
For all ribosomal complexes, all aligned micrographs were manually screened. Contrast 
transfer function parameters were estimated using GCTF (Zhang, 2016). For particle picking, 
Gaussian picking was performed using Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang) 
and a particle diameter value of 350 Å. All 2D and 3D classifications and refinements were 
performed using Relion (Zhang, 2016). The picked particles were binned four times and 
subjected to a 2D classification to separate 80S particles from junk. 3D Refine was then 
employed to generate initial consensus models from the 80S particle sets. A global 3D 
classification was used to further clean particularly noisy datasets. A mask enclosing the inter-
subunit space was made by subtracting a map generated from 3D atomic coordinates with the 
molmap function of the large and small subunits of a published Oryctolagus cuniculus ribosome 
(PDB: 5LZS (Shao et al., 2016)) in UCSF Chimera (Pettersen et al., 2004). These masks were 
expanded using relion_mask_create module to include ~1/3 40S, 1/3 60S, 1/3 inter-subunit 
space. Using these masks, 3D classification with signal subtraction was employed to classify 
based on both rotational state of the ribosome and presence and conformation of IRES and other 
factors. 
Final refinements with un-binned data for the selected classed yielded maps with density features 
in agreement with the reported resolution. Non-uniform refinement was then used in cryoSPARC 




2.4.5 Model building and refinement 
Models for the mammalian ribosome and tRNA (5LZS (Shao et al., 2016), 6D9J (Pisareva et al., 
2018)) were docked into the maps using UCSF Chimera (Pettersen et al., 2004) and Coot  
(Emsley et al., 2004). Coot was then used to manually build NediV‐IRES using the secondary 
structure as a guide. A reciprocal‐space refinement using REFMAC (Murshudov et al., 1997)) 







 Table 2.1 Cryo-EM data collection, refinement, and validation statistics. 
All images were collected in counting mode using a ThermoScientific Tecnai Polara F30 
microscope. Data were processed using Relion. Atomic models for the NediV-IRES:80S and 
NediV-IRES:80S:tRNA complexes were built using molecular docking of known structures 
(PDB:5LZS (Shao et al., 2016), 6D9J (Pisareva et al., 2018)) in UCSF Chimera followed by 
subsequent modeling and manual building of NediV-IREs in Coot. Atomic models were 
refined using REFMAC (Murshudov et al., 1997) then validated using MolProbity (Chen et 
al., 2010). Note, all statistics correspond to near-complete atomic models, which will be 








3.1. Type IV IRES initiation:  the final piece of the puzzle 
In studying NediV-IRES, we were able to model a complex with the 80S, Type IV IRES, 
and A site tRNA, the missing step in the factor-independent translation initiation used by these 
IRESs. We found that this first tRNA most stably binds in the translocation-ready hybrid A/P state, 
independent of the rotational state of the ribosome. Capturing this previously elusive state was 
only possible because of the mechanism by which NediV-IRES skips the pseudo-translocation 
step by inserting PKI directly into the P site.  
While all steps have now been characterized, questions remain about NediV-IRES. The 
state observed in toeprinting, with PKI of NediV-IRES in the E site could not be captured via cryo-
EM. Structures of a mutant NediV-IRES in which the equilibrium of the two states is shifted 
toward the E site should be imaged to fully understand this apparent self-translocation. Structural 
analysis of an IRES like that of APLV-1, which closely resembles NediV-IRES but appears to 
only bind in the P site could further shine a light on this. 
Additionally, while the NediV-CrPV chimeric IRESs (Lu, 2019) discussed in chapter 1 
were able to show that the differences in Domain II are responsible for the inability of NediV-
IRES to form a stable complex with the 40S subunit alone. They also showed that the differences 
in Domain II or III of NediV-IRES alone are not responsible for the unique initiation mechanism 
used by this virus. It is possible that this is not domain-specific, but because of the primary 
structural differences and some tertiary interactions found using our structural studies to be unique 
to NediV-IRES occur in Domain I, a similar chimera with Domain I of NediV-IRES replaced with 
the corresponding region in CrPV could conclusively determine this. 
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3.2 Novel IRES subclasses 
To fully understand type IV IRES initiation, more must be studied. New viruses in the 
Dicistroviridae family are frequently being discovered using metagenomics (Ng et al., 2012). 
Using similar methods to those used in the prior work on NediV-like IRESs (Lu, 2019), a new 
subclass of type IV IRESs has been found that appears to lack the L1.1 region in viruses including 
Perth Bee virus (Roberts et al., 2018). Structural studies of an IRES in this novel subclass, like 
those done in this thesis, will show whether these IRESs truly lack the ability to bind to the 60S 
subunit or if, as is the case with NediV-IRES, some transient structural element forms a 
compensatory interaction. 
3.3 The use of type IV IRESs as biochemical tools 
Type IV IRESs can be useful biochemical tools. Based on our current knowledge, these 
IRESs can be used to study canonical translation. An IGR IRES with an initiation mechanism 
similar that of NediV-IRES is currently being used as a tool to more directly enter the termination 
step in a time-resolved cryo-EM project studying eukaryotic termination in a collaboration 
between the Frank and Hellen labs. 
Understanding how a type IV IRES functions without some of these apparently crucial 
components can provide insight into the precise role each component of these remarkably short 
IRESs plays. With this knowledge, complex chimeric IRESs, and possibly entirely engineered 
IRESs can be designed to optimize for novel cell-free translation systems that require minimal 
components. 
3.4 Structures of functional RNA and their insight into the RNA world 
On a much broader scale, structures of these highly complex structures can provide insight 
into the predicted RNA world from which all life likely came. The multitude of ways in which the 
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four-letter alphabet of RNA can be strung together and folded to make complex three-dimensional 
structures remains poorly understood. Because of this, structural prediction tools for RNA often 
fall short of those used for proteins. A database of experimentally verified IRES structures, IRESite 
(Mokrejš et al., 2009) has been developed to catalog the unique RNA elements found in these 
structures. While it is unlikely that a type IV IRES evolved before the ribosomes they infect, the 
work presented in this thesis, and subsequent studies of Type IV IRESs can enrich this database 
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